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Introduction
The chemistry of uranium is dominated by the dioxo or uranyl dication, [UO 2 ] 2+ , which is found both in aqueous solutions and in the solid state. It is chemically robust [1] and shows little propensity to participate in the myriad reactions that are characteristic of its Group 6 transition-metal analogues, [MO 2 ] 2+ . [2] [3] [4] [5] [6] Furthermore, this stability coupled with its mobility in the aqueous phase means that it is a problematic environmental contaminant. [7] [8] [9] A better understanding of the reduction of the mobile uranyl ion to insoluble U IV phases, through the pentavalent [UO 2 ] + ion, is important in the context of environmental immobilization and the treatment of mixed waste. [10] As such, a renewed interest in the redox behavior of uranyl complexes in an anaerobic environment has been seen in recent years. [11] [12] [13] Recently, we (Arnold and Love) showed that it is possible to address selectively the oxo groups of the uranyl (Scheme 1) by binding it within a hinged, Schiff base pyrrole macrocycle, and we were able to synthesize uranyl-transition-metal cation-cation complexes that incorporated a direct U=OTMS bond. [14] Furthermore, the Pacman complex 1 was found to react with SiX bonds (X=C, N) in the presence of K cations and transition-metal salts to form the reductively silylated products 3, which represent not only rare, singlyreduced [UO 2 ] + species [15, 16] but also the first examples of covalent bond formation of the U=O bond. [17] In this latter reaction, we proposed that the initial KH deprotonation of 1 forms a highly oxidizing dipotassium-uranyl complex (K 2 -1), which reacted with silyl substrates through NSi or CSi bond homolysis, thus forming the oxo-silylated f 1 pentavalent uranyl complex [UO(OSiMe 3 )(THF)M 2 X 2 (L)] (3) after further reaction with the transition-metal salts (Scheme 2). Presumably, the dipotassium complexes are kinetically labile, but the exchange of K + cations for two transition-metal M 2+ cations affords the inert, isolable, silylated uranyl complexes. The instability of the dipotassiated uranyl adduct precluded isolation of any intermediates, but computational analysis indicated that it is a key intermediate for the silylation reaction of uranyl. [15] Indeed, it was shown that a synergic effect between dipotassiation reaction and solvent was responsible of the reductive silylation reaction of the strong UO bond of uranyl. This analysis was carried out on a single theoretical model of the Pacman complex 1, and we report in this paper a study of the influence of the Pacman model on the reductive silylation reaction. Moreover, the influence of the equatorial coordination sphere provided by the Pacman ligand on this reaction will be discussed by comparison with other equatorial ligands such as water.
Computational Details
Uranium was treated with a Stuttgart-Dresden pseudopotential in combination with the appropriate basis set. [18, 19] In all cases, the basis set was augmented by a set of polarization functions (g for U). [20] Carbon, oxygen, nitrogen, and hydrogen atoms were described with a 6-31G(d,p) polarized double-ζ basis set. [21] Calculations were carried out at the DFT level of theory using the hybrid functional B3PW91. [22, 23] Geometry optimizations were carried out without any symmetry restrictions and the nature of the extrema (minima) was verified with analytical frequency calculations. For all transition states, the intrinsic reaction coordinate was followed to verify the direct connection between the transition state and adducts. All these calculations were performed with the Gaussian 03 [24] suite of programs. Gibbs free energies were obtained at 298.15 K within the harmonic approximation. The electronic density was analyzed using the natural bonding analysis (NBO)
technique. [25] Results and Discussions Silylation of the bare uranyl ion: To understand the influence of the macrocyclic ligand, we first studied the bare uranyl ion UO 2 2+ (uncoordinated in the equatorial plane) in the gas phase. This allows an assessment of the possible reaction pathways and a simple determination of the most favorable of these from a kinetic or thermodynamic point of view. Two different silyl substrates, Me 3 SiX with X=Me and NMe 2 , and three types of reaction were considered (Scheme 3.).
Scheme 3.
The a) side-on approach, b) 2+2 reaction, and c) end-on reaction.
The side-on reaction (a) results from direct transfer of X in the equatorial plan to make a UX bond, thus releasing a SiMe 3 cation. The free-energy pathway for this reaction has been computed ( Figure 1 ). It is clear therefore from theoretical considerations that the side-on reaction pathway is favored in the silylation of the bare uranyl ion in the gas phase and that reductive silylation does not occur.
Influence of equatorial macrocyclic ligand binding:
Since the theoretical assessment of the reductive silylation reaction was investigated previously using a single model of the macrocyclic complex, [15] the validity of the model has been evaluated using a more complete range of macrocycles that assess various aspects of the real system (Scheme 4). The retention of a macrocyclic equatorial ligand at the uranyl precludes any interaction of the substrate in the equatorial plane, so only silylation of the UO bond may now occur. Calculations were carried out either in the gas phase or within a conductor-like polarizable continuum model (CPCM) to take into account the solvent (THF in this case). In the following, thermodynamic values will only be discussed in the gas phase, as solvent does not change the results significantly (Tables 1 and 2 ). Activation barriers Δ r G 1 ‡ and reaction energies Δ r G 1° obtained for the silylation of the UO bond with the four models are given in Tables 1 and 2 , respectively. Kinetically, the silylation should not occur in all four cases due to the high barriers (even after the lowering of the barriers by solvent effects). Interestingly, the highest barriers are seen for the most complex models, C towards SiX bond cleavage. [15, 17] Thus, the silylation reactions of the U=O bond of the doubly deprotonated, K 2 complexes have been investigated (Scheme 5). Clearly, the deprotonation of models A and B occurs in the equatorial plane, whereas deprotonation of C and D occurs on the pendant chains, close to the oxo groups. important than what was found for the energies of silylation reactions. As such, an NBO analysis was carried out to understand these differences (Table 4) . For the uranium center, charge decreases during the deprotonation reaction (except for model A, in which the uranium charge increases). Potassium charges are almost the same for all models. The charges of the hydrogen atoms show that the C model contains less acidic protons (+0.24) than in the other models. The A and B models have almost the same acidity as that determined for the protons of the real model. In contrast, the protons of model D are slightly less acidic than in the A or B models due to hydrogen bonding. As expected, a correlation between the energy of deprotonation and the proton acidity is found in which an increase in proton acidity leads to a more thermodynamically favorable deprotonation. The endo oxygen (Figure 2 ) is more negatively charged than the exo oxygen due to their different environments, with the proximity of two hydrogen atoms (or two potassium atoms) making the endo oxygen more electronegative than the exo oxygen. During the deprotonation reaction, the charge of the endo oxygen increases due to the substitution of hydrogen atoms by potassium atoms, which are more electropositive. In a similar manner to the change in the endo-oxygen charge, the exo-oxygen charge increases during the deprotonation reaction, except for model B in which the charge slightly decreases. Table 5 gives UO bond lengths for all models. almost the same, but after deprotonation, the UOendo distances increase due to the presence of potassium, which creates a strong electrostatic interaction with Oendo. On the other hand, the UOexo distances do not change upon deprotonation. Thus, the C model is clearly not a good model of the macrocycle in terms of reactivity, whereas A, B, and D are reasonable models. Silylation reactions from the dipotassiated complexes (K 2 A, K 2 B, K 2 C, and K 2 D) have thus been investigated ( Figure 5 ). with a reduction of uranium to the +V oxidation state and the release of an X radical after deprotonation.
As for the protonated compounds, the relative barriers of silylation Δ r G 2 ‡ (Tables 6 and 7 to the macrocycle make this an interesting target. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] 
Silylation of uranyl ion in an aqueous environment:
In a manner similar to that of uranyl in a macrocyclic environment, the reductive silylation of the UO bond of uranyl with five water molecules in the equatorial plane was investigated theoretically. Thus, we focused only on the silylation of UO bond by the silane TMSX with X=Me and NMe 2 , coupled with the reduction of uranium to +V oxidation state and the release an X radical ( Figure 6 ). X=NMe 2 ). Kinetically, there is a difference between the two X substituents, as the reaction is inaccessible for X=Me (activation barrier of 50.7 kcal mol −1 in the gas phase and 48.9 kcal mol −1 with solvent effect), whereas it is accessible for X=NMe 2 (31.2 kcal mol −1 in the gas phase and 30.6 kcal mol −1 with solvent effect). As for uranyl in a macrocyclic environment above, [15] the transition states can be described as an S N type with a cationic silyl in mid-transfer between the X radical (Me or NMe 2 ) and the oxo group of uranyl. Thus, the silylation of uranyl in a water environment could occur if an appropriate water-stable aminosilane could be identified. It is interesting to note that Berthet and co-workers [41] observed the formation of UI 4 (MeCN) 4 from UO 2 I 2 (THF) 3 or UO 2 I 2 (OTf) 2 and excess Me 3 SiI, although the presence of intermediates was not discussed.
However, reactions were carried out in MeCN and not water. As shown for uranyl in a macrocyclic environment, deprotonation by a potassium base is an important issue. As such, the free Gibbs energies have been computed for the deprotonation of two coordinated equatorial water molecules by two equivalents of potassium base, here KH (Scheme 6). Figure 7 ). 
Conclusion
We have shown that the reductive silylation of the UO bond of uranyl with TMSX is dependent upon the accessibility of the silane substrate to the equatorial plane, and that the deprotonation of the ligand plays a Page 17 of 21 crucial role for the reductive silylation of uranyl due to a very favorable thermodynamic term. This result is in agreement with the experimental observation that the reaction does not occur in the absence of a potassium base. The potassium cations do not participate in the silylation reaction pathway and instead remain coordinated to the macrocyclic ligand and the endo oxygen of uranyl. Moreover, in an aqueous environment, the presence of potassium cations leads to a particularly rigid but low-coordinate equatorial plane at uranyl.
We are currently investigating the influence of different bases upon the mono-oxo selectivity, and the potential for this silylation chemistry to operate with the heavier actinyls, namely, neptunyl and plutonyl.
